Theiler's murine encephalomyelitis virus (TMEV) is an enteric pathogen of mice which causes acute and chronic neurological disorders in the natural host. When brain-derived stocks of TMEV isolates are adapted to cell culture they predominantly form either large or small plaques. In this study the type of central nervous system (CNS) infection (acute versus chronic) and the associated disease occurring in mice inoculated intracerebrally with large and small plaque strains of TMEV was investigated.
INTRODUCTION
Theiler's murine encephalomyelitis virus (TMEV) is a natural enteric pathogen of mice which has been shown experimentally to produce persistent central nervous system (CNS) infection (Theiler, 1937; Lipton, 1975) . In the first month after intracerebral (i.c.) inoculation of brain-derived virus stocks, virus replication and poliomyelitis-like pathological changes take place in neuronal populations in CNS grey matter (early disease) (Lipton, 1975) . After this time surviving animals develop persistent CNS infection, but the cell type(s) in the nervous system in which this virus replicates remains to be elucidated. As a consequence, these chronically infected mice develop mononuclear cell infiltrates in their leptomeninges and white matter and develop lesions of primary demyelination (Dal Canto & Lipton, 1975) . By using tissue culture adapted TMEV stocks, the small plaque variants were found to produce essentially late disease without antecedent early disease (Lipton, I978a; Lipton & Dal Canto, i979) .
The present study characterizes the type of CNS infection (acute versus chronic) and the associated disease with large and small plaque strains of TMEV. A preliminary report of this work was presented at the ICN-UCLA Symposium on Persistent Viruses, in Keystone, Colorado, U.S.A. (Lipton, I978b ) .
METHODS
Animals and animal inoculations. Outbred, Swiss male mice (CD-I) were purchased from Charles River Breeding Laboratories (Portage, Mich.). All animals were inoculated into the right cerebral hemisphere with virus. Titrations of virus stocks were performed using 6 to Io mice per dilution, and end points were calculated by the method of Reed & Muench 0938) .
Cells and media. BHK2t cells were cultured in Dulbecco's modified Eagle medium (DME, Grand Island Biological Co., Grand Island, N.Y.) supplemented with o.I mM-Lglutamine, IOO #g streptomycin, Ioo units penicillin per ml and Io% foetal calf serum. The same medium containing 2 % foetal calf serum was used for cell maintenance.
Viruses. GDVII, FA, DA, TO4, WW, Yale, and BeAn8386 viruses were isolated in cell culture from brain-derived pools as described (Lipton, I978a ) . These viruses were plaquepurified one to three times and stocks were prepared in BHK2I cells after several more passages to amplify the virus titres.
Virus assays. The virus content of clarified CNS homogenates was determined by standard plaque assay as described (Rabinowitz & Lipton, I976) . In brief, confluent monolayers of BHK2t cells in 35 mm plastic FB-6TC multiculture dishes (Linbro Chemical Co., Hamden, Conn.) were washed once with phosphate-buffered saline, pH 7"4 and inoculated with appropriate virus dilutions (o" I ml/well). After adsorption at 24 °C for 60 min, the inoculum was removed and each well was overlaid with 3 ml of medium consisting of 0"95 % Noble agar (Difco Co., Detroit, Mich.) in DME containing 0"5 % bovine plasma albumin, fraction V (Armour Pharmaceutical Co., Chicago, II1.) and o. t mM-L-glutamine, ~oo/zg streptomycin, and Ioo units penicillin per ml. On the third day of incubation at 37 °C, 1.5 ml of a second overlay containing o.oi % neutral red was added to each well and plaques were read 8 to 24 h later.
Histology. Anaesthetized mice were sacrificed by total body perfusion with chilled 3 % glutaraldehyde in phosphate buffer, pH 7"4. Brains and spinal cords were fixed, embedded in paraffin or Epon and stained as described previously (Dal Canto & Lipton, I975) .
Neutralizing antibody. Twofold dilutions of heat-inactivated (56 °C for 30 min) serum were incubated with 50 to IOO p.f.u, of GDVII virus at 24 °C for 60 min. Each mixture was assayed in duplicate on BHKzl cell monolayers and neutralizing antibody was considered present if there was a 5o % reduction in p.f.u, compared with a virus-diluent control.
RESULTS

Plaque size and virulence
Two of seven TMEV strains, GDVII and FA viruses, were found to form large plaques in BHK cells, whereas DA, TO4, WW, Yale and BeAn8386 viruses produced small plaques. To determine the neurovirulence, 4-week-old mice were inoculated i.c. with tenfold dilutions of these viruses. The mice were observed for clinical disease and CNS histopathological changes were studied in representative animals. GDVII and FA viruses regularly caused a fatal encephalitis while all of the viruses which formed small plaques largely produced asymptomatic infections during the first month (Table I) . However, the small plaque viruses all persisted in the CNS (see below) and mice later developed prominent spinal cord leptomeningeal and white matter lesions consisting of mononuclear cell inflammation and primary demyelination. These pathological changes were similar to the lesions described in detail for DA virus (Dal Canto & Lipton, i975) .
The virulence of the seven TMEV strains represented in number of p.f.u./LDs 0 is shown in Table i . The large plaque viruses, GDVII and FA, were at least IOOO to 60000 times more virulent than the small plaque ones. Therefore, TMEV plaque size does appear to correlate with virulence. It is also apparent that the disease state produced by each plaque type differs.
CNS virus replication
The temporal course of virus replication in the CNS of mice was determined for a virulent (GDVII virus) and a relatively avirulent (DA virus) strain of TMEV (Fig. I) . In both instances there was a rapid increase in virus content with maximum titres reached on days 5 to 7, thereafter followed by a decline in virus titres. GDVII virus levels were approx. IOOO higher than those observed for DA virus and GDVII virus-infected mice died by days 5 to 9. DA virus-infected mice remained well during this period and although there was a continual decline in virus content after day I4, infectious virus was detected in the CNS as late as 1o5 days after inoculation (the latest times tested in this experiment).
To determine if there was a change in the virus during its replication in the CNS, the diam. of virus plaques from CNS were measured. As shown in Table 2 , the CNS of GDVII 
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< 0"3 mm * Plaque size was determined by measuring the diam. of 5o plaques from each of three to five animals sacrificed on the days indicated. GDVII virus plaques ranged in size from i to 5 mm. virus-infected mice contained large plaque virus, whereas D A virus-infected mice yielded small plaque virus. The contrast in plaque size is shown in Fig. 2 . Therefore, it would appear that T M E V replication in vivo is relatively stable without evident reversion of virus from one plaque type to the other. * The amount of virus inoculated i.c. in number of 50 % median lethal doses and p.f.u. t Numerator represents the number of mice in which virus was detected and the denominator the total number tested. In experiment I only brains were tested; in the remaining experiments both the brain and spinal cord from each animal were assayed for virus. virus assay. Virus was detected in the spinal cords of mice inoculated with the other small plaque strains (Table 3 ). Furthermore, virus was also consistently found in the CNS of mice at later times after inoculation and the virus recovered was always small plaque in type (data not shown). Therefore, it would appear that the small plaque strains of TMEV are all capable of establishing persistent CNS infection in mice.
Persistent CNS infection initiated by other small plaque TMEV strains
Duration of CNS infection with large plaque TMEV
Although the large plaque strains of TMEV are highly virulent, it is possible that they also cause persistent infection. In order to determine if the large plaque strains persist, mice surviving i.e. titration with GDVII virus were sacrificed for virus assay. The results for animals receiving o. 3 to 3 z LDs0 of virus are shown in Table 4 . Infectious virus was detected in only one of 4o survivors and this animal was from the first titration. Subsequently, no other mice were found with persistent infection (Table 4 )-It is possible that mice receiving these relatively low doses of a highly virulent virus, in fact never became infected. For this reason, neutralizing antibody titres were determined. Since TMEV is enterically transmitted, uninfected mice caged with i.p. inoculated mice were tested for antibody to exclude horizontal spread of infection leading to humoral immunity by days 2I to 28. The uninfected cage controls had antibody titres of r : 8 or less (data not shown). As shown in Table 5 , in comparison to control infected mice which were inoculated i.p. only those mice receiving 2 to 13 LD50 of virus i.c. had as high a mean antibody titre. However, 15//26 of the others had a titre of 1 : 16 or more. Therefore, infection probably did take place in some animals t Challenged i.c. with 5o LDs0 of GDVII virus on day 4o p.i. Mice were considered to be protected if they survived past day 7 since the median survival time of non-immune mice is 5 days.
Median survival time was 9 days. inoculated with 0. 3 to 1.6 LDs0 of virus, but only regularly occurred in mice given 2 or more LDs0. Further evidence that non-lethal infection is not as readily induced with highly virulent TMEV is shown in Table 6 . The median 5O~o infectious dose (IDs0) of four strains of TMEV was determined by challenging mice with 5o LDs0 of GDVII virus that had survived i.c. titration. A marked difference was demonstrated between the LDs0 and IDs0 for the two strains of small plaque TMEV. In contrast, the values were similar for the two strains of large plaque TMEV. Therefore the small plaque TMEV compared with their large plaque counterparts were relatively avirulent and it is more likely that an infection will result in host survival.
Because of the difficulty in inducing non-lethal infections with low doses of GDVII virus, additional animals were inoculated with 5 to Io LDs0 of GDVII virus. As shown in Table 7 , virus was not detected in the brains or spinal cords of 17 surviving mice. The fact that 8/Io mice surviving a io LDs0 dose showed prolonged survival after challenge i.c. with 50 LD~0 of GDVII virus indicates they had been infected and possessed some immunity (Table 7) . Since host age may also be a factor in persistence (Nathanson, ~977), I4-week-old mice were inoculated i.c. with 5 LDs0 of GDVII virus. None of six surviving mice sacrificed on day 25 had detectable virus in the CNS. Further evidence against the large plaque strains of TMEV producing persistent CNS infection came from our failure to demonstrate virus in the CNS of FA virus-infected mice surviving a dose of approx, z LDs0 (data not shown). Therefore, large plaque strains of TMEV do not appear to be able to persist in the CNS of mice. The one positive animal in Table 4 may represent contamination or laboratory error.
DISCUSSION
The present study has demonstrated that large and small plaque strains of TMEV vary in virulencc, typc of ncurological disease produccd and ability to establish persistent CNS infection (Table I) . Two large plaque strains, GDVII and FA viruses, were highly virulent and produced acute encephalitis, but wcre cleared from the nervous systems of surviving animals. In contrast, five small plaque strains, DA, WW, TO4, Yale and BeAn8386 viruses, were relatively avirulent, usually produced no illness during the first month after inoculation, but readily established persistent CNS infection in mice which ultimately resulted in demyelinating disease.
A relationship between virus plaque size and virulence is well documented in the literature (Takemoto, I966) . This association has been demonstrated for members of virtually all classes of animal viruses and although this association has not been absolute, plaque size has been one of the more common markers used to distinguish virulent from attenuated viruses. In general, large plaque variants have been more virulent than their small plaque counterparts, as has now been demonstrated for TMEV. A number of other picornaviruses, including poliovirus types I (Vogt et al. 1957 ) and 2 (Takemori et al. I957), Coxsackievirus A9 (Takemoto & Habel, I959) and Mengo virus (Colter et al. I964) have shown a simitar relationship between plaque size and virulence. A reason for this association may be that faster growing viruses are more likely to be lethal for animals and to produce larger foci of cell destruction in vitro. However, our knowledge of this relationship has not resulted in a better understanding of the molecular basis of virulence. This study has provided no further insight into this problem.
A major finding of this study is that the small plaque strains of TMEV cause persistent CNS infection (Fig. I, Table 3 ), whereas the large plaque strains do not (Tables 4 and 6 ). While the small plaque strains are relatively avirulent (attenuated) and infections initiated by them are less likely to be lethal (Table 6 ), this in itself probably does not explain the observed difference in the ability of the two plaque types to persist. In other words attenuation would not seem to be the only prerequisite for a virus to be able to persist. This notion is supported by the experience gained with a number of live, attenuated virus vaccines, since none has been reported to cause persistent infection in an immunocompetent host. However, the fact that such live attenuated vaccine viruses may not reach and infect a target organ, where persistence can be established (e.g. poliovirus in brain), needs to be taken into consideration.
Persistence is obviously a complex biological phenomenon involving virus-host as well as virus-cell interactions. There are a number of ways in which virus-cell interactions can be modulated so that persistence develops. These mechanisms include generation of ts mutants (Preble & Youngner, 1975) , formation of defective-interfering (DI) particles (Huang & Baltimore, 1977) , elaboration of virus-induced protein(s) which can inhibit homologous virus replication (ter Meulen & Martin, ~976; Riedel & Brown, I979) and induction of interferon. As yet, none of these mechanisms has been implicated in TMEV persistence. Replication of the small plaque strains of TMEV is not temperature sensitive so they cannot be viewed as ts mutants of their large plaque counterparts (H. L. Lipton, unpublished data).
